Abstract: Future planetary habitats will expose inhabitants to both reduced gravity and hypoxia. This study investigated the effects of short-term unloading and normobaric hypoxia on whole body and regional body composition (BC). Eleven healthy, recreationally active, male participants with a mean (SD) age of 24 (2) years and body mass index of 22.4 (3.2) kg·m −2 completed the following 3 10-day campaigns in a randomised, cross-over designed protocol: (i) hypoxic ambulatory confinement (HAMB; F I O 2 = 0.147 (0.008); P I O 2 = 93.8 (0.9) mm Hg), (ii) hypoxic bed rest (HBR; F I O 2 = 0.147 (0.008); P I O 2 = 93.8 (0.9) mm Hg), and (iii) normoxic bed rest (NBR; F I O 2 = 0.209; P I O 2 = 133.5 (0.7) mm Hg). Nutritional requirements were individually precalculated and the actual intake was monitored throughout the study protocol. Body mass, whole body, and regional BC were assessed before and after the campaigns using dual-energy X-ray absorptiometry. The calculated daily targeted energy intake values were 2071 (170) kcal for HBR and NBR and 2417 (200) kcal for HAMB. In both HBR and NBR campaigns the actual energy intake was within the targeted level, whereas in the HAMB the intake was lower than targeted (-8%, p < 0.05). Body mass significantly decreased in all 3 campaigns (-2.1%, -2.8%, and -2.0% for HAMB, HBR, and NBR, respectively; p < 0.05), secondary to a significant decrease in lean mass (-3.8%, -3.8%, -4.3% for HAMB, HBR, and NBR, respectively; p < 0.05) along with a slight, albeit not significant, increase in fat mass. The same trend was observed in the regional BC regardless of the region and the campaign. These results demonstrate that, hypoxia per se, does not seem to alter whole body and regional BC during short-term bed rest.
Introduction
Future missions to the Moon and Mars, although initially exploratory in nature, will undoubtedly assess the possibility of a permanent presence there. Proper nutrition and efficient dietary support are among the most critical features for maintaining health and wellbeing, as well as operational abilities of humans during space operations (Lane and Feeback 2002; Smith et al. 2005; Smith and Zwart 2008) . To minimize the risk of decompression sickness and fire, it is anticipated that future Lunar and Mars habitats will be hypobaric and hypoxic, with ambient pressure maintained at around 413 mm Hg and partial pressure of O 2 (P I O 2 ) ranging from 100 to 115 mm Hg corresponding to simulated altitude exposure of approximately 3400-3800 m (Bodkin et al. 2006) . In addition to hypobaric hypoxia, inhabitants will be exposed to only a fraction of Earth's gravity; 1/6 and 1/3 Earth's gravity on the Moon and Mars, respectively. Due to the reduced gravitational force, the weight-bearing bones and muscles will be unloaded and, combined with the relative confinement during such missions, the astronauts will have a substantially reduced level of activity. It is therefore important to enhance our understanding of the combined effects of hypoxia and inactivity-unloading on nutritional status and body composition so that appropriate nutritional strategies and recommendations for future explorations may be developed.
It is well documented that microgravity per se, as experienced during space flight, affects the nutritional status and body composition of astronauts (Smith et al. 2005; Smith and Zwart 2008; Zwart et al. 2009b) . Terrestrial studies simulating the effects of microgravity in Space, by rendering participants inactive and unloading their weight-bearing limbs using the bed rest experimental model, have observed similar changes in body composition and nutritional status (Smith and Zart 2008; Smith et al. 2005) . Hormonal status alterations (Blanc et al. 2000) along with changes in appetite and energy intake (Blanc et al. 1998 ) are among the main observations. Significant decreases in the whole body mass as well as changes in the regional body composition, mostly within the lower limbs, have been reported previously (Krebs et al. 1990; LeBlanc et al. 1992; Blanc et al. 1998; Inniss et al. 2009 ). As nutritional responses to weightlessness and bed rest have been shown to be qualitatively similar (Zwart et al. 2009b) , the application of the bed rest model seems suitable for investigating the effects of microgravity on nutritional status, dietary intake, and body composition (Smith et al. 2001) .
Environmental hypoxia also alters metabolism and consequently modulates body mass and composition (Boyer and Blume 1984) . Following long-term hypoxic exposures of different durations, body mass is decreased (Quintero et al. 2010) secondary to reductions in fat and muscle mass (Kayser et al. 1993; Westerterp et al. 1994; Westerterp-Plantenga et al. 1999) . However, the underlying mechanisms of hypoxia-induced reductions in body weight are not completely understood. Appetite reduction (i.e., altitude anorexia), secondary to hypoxia induced increases in satietysignalling peptides leptin (Tschop and Morrison 2001) and cholecystokinin (Lieverse et al. 1994 ) along with accompanying hunger-stimulating hormone ghrelin reduction (Shukla et al. 2005) seems to be one of the key underlying mechanisms. Additionally, altitude-related changes in gastro-intestinal function (Dinmore et al. 1994 ) and increased resting energy expenditure (Reynolds et al. 1999 ) might also play an important role in the aetiology of weight loss at altitude.
Although it is known that individually microgravity and hypoxia significantly alter nutritional status and body composition (Boyer and Blume 1984; Zwart et al. 2009b) , there is a paucity of data regarding their combined effect (Stevens et al. 1966; Loeppky et al. 1993a) . The planned environmental conditions in future planetary habitats merit further investigations, with particular emphasis on the evaluation of the current guidelines regarding energy and nutrient intake levels.
We also reasoned that in addition to providing further evidence regarding the effects of hypoxia and inactivity on nutritional status and energy requirements of astronauts in planetary habitats, the experimental protocol of exposing healthy young human participants to hypoxic bed rest might provide some insight into the changes observed in patient populations rendered hypoxic and inactive by their clinical pathologies; for instance, patients suffering from chronic obstructive pulmonary disease, peripheral vascular diseases, and (or) obesity.
To examine the separate and combined effects of hypoxia and inactivity-unloading we conducted a repeated measures crossover design study, in which on separate occasions participants were exposed in a randomized order to 10 days of normoxic bed rest (NBR), hypoxic bed rest (HBR), and hypoxia with ambulation (HAMB). A comparison of the results of the NBR and HBR trials would reveal the effect of hypoxia on inactive participants, whereas the comparison of the results from the HBR and HAMB would provide information regarding the effect of activity on participants exposed to hypoxia. In this manner, we specifically examined the combined and separate effects of a 10-day continuous simulated microgravity (horizontal bed rest) and normobaric hypoxia (simulated altitude of approx. 4000 m) on regional and whole body mass and composition. Additionally, we assessed whether the targeted energy intake levels and the selected macronutrient composition used in this study would be sufficient to maintain stable body mass and composition during such exposures. We hypothesized that the addition of hypoxic exposure to bed rest (HBR) would either induce greater reduction or smaller increase in whole body mass compared with bed rest only (NBR).
Materials and methods

Participants
The participant recruitment procedure for the study was based on the European Space Agency recommendations (Standardization of bed rest study conditions, Version 1.5, August 2009). Exclusion criteria included a medical record of respiratory, haematological, and cardiovascular problems; recent altitude exposures (<2 months); participation in dietary programs (<6 months); and the use of drugs and (or) medications. Prior to inclusion in the study, the participants gave written informed consent and were extensively informed regarding the study protocol as well as the possible risks involved. Seventeen healthy males, all recreationally active, low altitude residents (<500 m) were initially selected to take part in the study. Two participants were excluded because of medical precautions (severe hypoxemia during an exercise criterion test and knee injury, respectively) and four of the initial participants did not complete all three campaigns due to personal reasons. Consequently, 11 participants successfully finished all 3 campaigns of the study and only the data from their experiments were included in the subsequent analyses. Participants had a mean (SD) age of 24 (2) years, stature of 179.9 (6.9) cm, and body mass of 72.5 (12.1) kg.
Study outline
The study was approved by the National Committee for Medical Ethics at the Ministry of Health of the Republic of Slovenia, and conducted according to the guidelines of the Helsinki Declaration. The participants underwent three 10-day interventions in a randomized manner, conducted at the hypoxic facility of the Olympic Sport Centre (Rateče, Slovenia) situated at 940 m above sea level. The interventions were separated by at least 4 weeks "washout" period to allow the effects of prior exposure to hypoxia and (or) inactivity to be eliminated. The 3 interventions were: (i) normobaric HAMB confinement (fraction of inspired O 2 (F I O 2 ) = 0.147 (0.008); P I O 2 = 93.8 (0.9) mm Hg; simulated altitude equivalent of approx. 4000 m); (ii) Normobaric HBR (F I O 2 = 0.147 (0.008); P I O 2 = 93.8 (0.9) mm Hg; simulated altitude equivalent of approx. 4000 m); and (iii) normobaric NBR trial, during which the F I O 2 was maintained at normal levels (F I O 2 = 0.209; P I O 2 = 133.5 (0.7) mm Hg). The environmental conditions within the hypoxic facility remained stable throughout the study (ambient temperature = 22.4 (2.1)°C; relative humidity = 40% (11%) and ambient pressure = 689 (6) mm Hg). Testing periods were performed during the 4 days before (PRE), and 3 days after (POST) each intervention. During the hypoxia trials, the ascent rate to the target altitude of 4000 m was conducted according to the recommendations of the International Mountain Medicine Society. Briefly, the participants were exposed to a simulated altitude of 3000 m on day 1, and thereafter the simulated altitude was increased by 500 m daily, such that the target altitude of 4000 m was attained on day 3. The PRE intervention period, during which the participants were housed at the Olympic Sport Centre, allowed them to adapt to the facility and daily experimental routine and to familiarize themselves with the study requirements. The participants were placed on a prescribed diet throughout their accommodation at the Olympic Sport Centre including the PRE and POST testing periods. Because of participant exclusion and (or) drop-out following the first campaign, a fourth experimental campaign was performed to allow the participants who started the study during the second campaign to undergo all 3 interventions. The participants were always accommodated in rooms with 2 single beds (i.e., 2 participants per room).
Bed rest and hypoxic confinement
The requirements of the HBR and NBR interventions included strict adherence of the participants to the study protocol. Namely, they had to maintain a horizontal position at all times. They could use one pillow for head support, and could assume supine, lateral, or prone positions in the bed. They were allowed to rest on their elbows during meals and during transfer from the bed to a gurney or during transfers to the shower bed and laboratory. No strenuous physical activity (i.e., stretching and static exercise) was permitted at any time during the bed rest campaigns. Adherence to the assigned protocol was ensured using continuous closed-circuit television surveillance and constant supervision by the research and medical staff. This surveillance and supervision was also implemented for the participants' safety. The HAMB participants were allowed to move freely in the normobaric hypoxic area (110 m 2 surface area in addition to individual rooms) and were encouraged to engage in their usual daily routines as much as possible. During the 10-day confinement the HAMB participants also performed 2 low-intensity exercise sessions per day, 1 in the morning (between 1000 and 1100 h) and 1 in the afternoon (between 1600 and 1700 h). Each exercise session comprised 30 min of stepping on a 30 cm step to induce an individually targeted heart rate (HR) corresponding to approximately 60% of maximal HR measured during the graded exercise to exhaustion. The graded exercise test until volitional exhaustion was performed on a cycle ergometer under hypoxic condition (F I O 2 = 0.14) before the start of the HAMB campaign using 30 W·min −1 workload increments, starting from a 2-min warm-up period at 60 W. To ensure that the participants maintained the targeted HR, a fingertip pulse oximetry device (3100 WristOx, Nonin Medicals, Minn., USA) was employed during all exercise sessions and a research assistant constantly monitored each individual's HR response. The exercise sessions during the HAMB campaign were not meant to provide a training stimulus, but to mimic the level of daily activity, and hence energy expenditure, maintained by the participants prior to the HAMB intervention. Assessment of the exercise intensity was based on the questionnaire regarding daily physical activity that each participant filled out prior to the study. The participants in all campaigns were awakened at 0700 h, and room lights were turned off at 2300 h. Napping or sleeping during the day was not allowed.
The normobaric hypoxic environment in the designated rooms was maintained using a Vacuum Pressure Swing Adsorption system (b-Cat, Tiel, The Netherlands) that generated and delivered the O 2 -depleted air to the rooms. The ambient air was continuously sampled for O 2 and CO 2 content and immediate adjustments were made in the event of a more than 0.5% variation in the level of O 2 . The CO 2 level in the hypoxic confinement area did not exceed 0.5% during any experimental campaign, and the average value was 0.28% (0.05%). For safety reasons, during the HBR and HAMB conditions all participants were required to either wear, or have in close proximity, a portable ambient O 2 concentration analyser (Rae PGM-1100, Calif., USA) with an audible alarm that was activated in the event that the O 2 level decreased below the preset level.
The self-assessment portion of the Lake Louise mountain sickness questionnaire (Roach et al. 1993) was completed daily by all participants to obtain the Lake Louise score (LLS; 0-15) as an index of acute mountain sickness occurrence and (or) severity. The LLS ≥ 3 along with concomitant headache were the criteria used for acute mountain sickness diagnosis. HR and capillary oxyhemoglobin saturation (S p O 2 ) responses were monitored using personal finger oximetry devices (3100 WristOx, Nonin Medicals, Minn., USA) that the participants wore throughout all campaigns.
Diet planning and monitoring
The menus were constructed using the web-based application Open Platform for Clinical Nutrition (OPKP; www.opkp.si), developed by a research group at the Jozef Stefan Institute (JSI, Ljubljana, Slovenia). A 10-day menu was prepared before the start of the study and repeated during each campaign to ensure that the participants consumed identical food on each given study day. The individual daily targeted energy intakes were calculated using the Mifflin et al. (1990) equation and multiplied by Physical Activity levels (PAL) 1.4 for the HAMB and PAL 1.2 for the HBR and NBR campaigns to account for different activity levels. All 5 daily meals (breakfast, morning snack, lunch, afternoon snack, and dinner (Appendix A1)) were prepared by the kitchen staff of the Olympic Sport Centre, where the components of each meal were weighed to an accuracy ±1 g. The meals were served at the same time of the day throughout the confinement period. The participants were instructed to consume all the food provided. In the case of any leftovers, the unconsumed food was weighed and the measured amount deducted from the initial weight, thus providing a net value of the participants' actual food intake. The energy, macronutrient, and fluid intake analysis was performed subsequently using the OPKP for each individual participant.
Fluid intake was individually monitored and recorded throughout the study. The calculated total daily fluid intake comprised of the daily fluid intake and the daily food-water content. To assess the urinary output and fluid balance the 24-hr urine collection was done on day 1, day 4, and day 10. On each of those days, the urine collection started in the morning and was performed for the next 24 hrs. Urine was collected and pooled throughout the 24-hr period in 3 L plastic collection containers. Fluid balance was calculated by deducting the 24-hr daily urine output from total daily water intake. During the 3 interventions, participants were not allowed to drink any beverages containing alcohol and were not supplemented for vitamins and minerals.
Regional and whole body composition
Body mass and composition was determined before (PRE) and immediately after (POST) each campaign with dual-energy X-ray absorptiometry (DXA) using a fan-beam densitometer (Discovery W -QDR series, Hologic, Mass., USA). The DXA technique relies on body tissue absorption measurements made at 2 photon energies to allow for quantification of lean, fat, and bone mineral masses. Excellent precision of DXA for in vivo body composition measurements has been demonstrated previously (Hind et al. 2011) . The participants were instructed to lie supine on the DXA table for the duration of the scanning procedure. The hands were positioned on the table separately from the trunk and the legs were separated using a standard holder. An experienced researcher performed the analysis of the obtained scans using Hologic APEX System Software (version 3.1.2). The software enables whole-body as well as standard regional analysis such as the lower and upper leg, gynoid, and android regions that are automatically defined by specific anatomical landmarks. The regions of interest (ROI) were, whenever necessary, individually adjusted during the analysis process by the same researcher to precisely reflect the targeted areas. The ROIs used for the regional analysis were ( 
Statistical analysis
One-way ANOVA was used to compare the average HR and S p O 2 responses and LLS between the three experimental campaigns. Differences in participants' body mass and composition before and after the campaigns as well as changes in energy and fluid intake, urine output, and fluid balance were analyzed using oneway repeated measures ANOVA (campaign × time). The Tukey HSD post hoc test was used to define the specific differences when ANOVA analysis revealed a significant F-ratio for the main effect. Pearson's correlation analysis was used to define the possible relationships between the initial whole body mass, fat mass, and whole body mass-fat mass ratio values and subsequent changes in these variables. The level of significance was set a priori at 0.05.
Data are reported as means (SD) unless otherwise indicated. All statistical analyses were performed using Statistica 5.0 package (StatSoft, Okla., USA).
Results
General hypoxia and bed rest adaptation
The participants successfully completed all 3 campaigns in good health. The average LLS were significantly higher (p < 0.01) during the ambulatory (LLS HAMB ) and bed rest (LLS HBR ) hypoxic trials: LLS HAMB = 0.7 (0.3) and LLS HBR = 1.0 (0.4) campaigns, compared to the normobaric bed rest trial (LLS NBR ): LLS NBR = 0.3 (0.2). During HAMB, but not HBR, the average LLS significantly decreased (p < 0.05) (LLS HAMB = 0.6 (0.1), LLS HBR = 0.9 (0.4)) during the last 5 days of the confinement compared to the first 5 days (LLS HAMB = 0.9 (0.3), LLS HBR = 1.2 (0.4)). Although the average LLS data do not reveal it, acute mountain sickness was noted during the first 4 days in 5 participants in the HBR and in 1 participant in the HAMB campaign. Average HR was significantly higher (p < 0.01) during the HAMB campaign (80 (10) min −1 ) than during NBR (68 (7) min −1 ). No significant differences in HR responses were noted between the two hypoxic campaigns (HBR (75 (6) min −1 )). The average S p O 2 values were significantly lower (p < 0.01) during both HAMB and HBR campaigns than during the NBR campaign (values of S p O 2 were 91.2% (1.2%), 91.6% (1.5%) and 96.5% (1.1%), respectively). The average HR response throughout the exercise sessions performed during the HAMB campaigns was 115 (6) beats·min −1 and was in line with the precalculated targeted HR values (114 (5)).
Energy and nutrient intake
The average precalculated targeted daily energy intakes were 2071 ± 170 kcal for the HBR and NBR campaigns and 2417 ± 200 kcal for HAMB campaign. The actual daily energy intake levels for all campaigns are presented in Table 1 . In both the HBR and NBR campaigns the average energy intake was within the targeted level (2110 ± 372 and 2070 ± 356 kcal, respectively). However, in the HAMB campaign the participants' average energy intake was lower than targeted (2245 ± 400 kcal; p < 0.05). As can be seen in Table 1 the daily intake tended to be lower during the first and the last days of each campaign. Table 2 shows absolute and relative quantities of carbohydrate, fat, and protein daily intake of the participants during the 3 campaigns.
Fluid balance
Daily fluid intakes, calculated as consumed fluid plus food water content, are presented in Table 1 . No significant differences were observed between the 3 campaigns in fluid intake. The urine output was significantly lower (p < 0.05) on day 4 during HBR and on day 10 during both HAMB and HBR campaigns (Fig. 2) . As shown in Fig. 2 , no significant differences were observed in the urine output during the NBR campaign as well as in the fluid balance during all 3 campaigns.
Whole body mass and composition
As noted in Fig. 3 , body mass significantly decreased (p < 0.05) in all 3 campaigns by an average of 1.5 (0.9), 2.0 (1.8), and 1.4 (1.3) kg after the HAMB, HBR and NBR trials, respectively. These changes were accompanied by significant decreases (p < 0.05) in lean mass of 2.1 (1.6), 2.1 (2.4), and 2.4 (2.1) kg and a slight, albeit not significant increase (p > 0.1), in total fat mass of 0.7 (1.2), 0.1 (1.6), and 1.0 (2.2) kg after the HAMB, HBR and NBR, respectively (Fig. 3B, 3C,  3D ). No significant correlation was noted between initial values of whole-body mass, fat mass, and whole-body-fat mass ratio and subsequent changes in these variables following HAMB (0.11, 0.32, 0.13 (p > 0.1)), HBR (0.22, 0.51, 0.29 (p > 0.08)) and NBR (0.39, 0.31, 0.35 (p > 0.1)). 
Regional body composition changes
As shown in Table 3 , no significant inter-condition differences in the composition of the investigated regions were noted before or after each campaign or between the campaigns. During the course of each intervention, a trend, though not significant, of a decrease in lean mass and an increase in fat mass was noted in all regions (p > 0.15).
Discussion
The principal finding of the present study is that the targeted energy and nutrient intakes during the bed rest campaigns were insufficient to prevent a significant decrease in body mass. Furthermore, during the hypoxic ambulatory campaign the participants' intakes were lower than targeted. The observed decrease in lean body mass in all campaigns would unlikely be prevented by an increase in energy intakes, especially, because the fat mass levels showed a tendency for an increase in both the HAMB and NBR campaigns, reflecting a positive energy balance. Altering the macronutrient composition for future studies seems warranted to concomitantly reduce the observed lean mass reductions and minimize the fat accumulation, especially during longer exposures.
Hypoxia, bed rest, and ambulation
Based on the results of the NBR and HBR interventions and contrary to our initial hypothesis, no specific effect of hypoxia per se could be identified, because the reductions in body mass were similar (Fig. 3) . Furthermore, as no significant differences between the observed reductions in whole body and regional lean body mass were noted between the HBR and HAMB conditions, we conclude that there was no specific effect of unloading-inactivity, particularly on the postural segments. One possible explanation for the lack of differences in body mass between both the HBR and HAMB campaigns might be the relatively short duration of the experimental campaigns (Pavy-Le Traon et al. 2007 ). Indeed, studies investigating bed rest exposures of longer duration have consistently reported substantial decreases in body mass, mostly as a result of decreases in lower limb lean mass (LeBlanc et al. 1992; Blanc et al. 1998 ). On the other hand, data from shorter bed rest studies are more inconclusive, the majority of which report no significant changes in regional as well as whole body composition (Blanc et al. 2000; Kanikowska et al. 2010) . Even though significant decreases in muscle mass in response to unloading can be expected within 10-14 days (Trappe 2009 ) of bed rest, the obtained regional composition data does not indicate any specific regional effect (Table 3 ). The body composition data from the present study concur with the findings of Krebs et al. (1990) , who observed significant decreases in lean mass and increases in fat mass following 5 weeks of bed rest. The slightly higher fat mass accumulation in Table 1 . Average daily (day 1−day 10) energy intake (kcal·day −1 ) and percentage of the daily targeted intake achieved and fluid intake (mL·day −1 ); during the normobaric hypoxic bed rest (HBR), normoxic bed rest (NBR), and normobaric hypoxic confinement (HAMB) campaigns. (420) 2350 (344) 2275 (387) 2252 (382) 2341 (346) 2368 (348) 2112 (403) (789) 3458 (846) 3364 (747) 3314 (753) 3287 (754) 3347 (612) 3400 (918) 3564 (563) 2931 (500) 3214 (789) NBR 3515 (697) 3197 (513) 3060 (472) 3340 (746) 3815 (978) 3848 (433) 3487 (690) 3404 (697) 3301 (699) 3490 (692) HAMB 3360 (887) 3379 (989) 3675 (925) 3879 (856) 3465 (967) 3606 (987) 3565 (845) 3306 (798) 3437 (911) 3583 (654) Note: Data are presented as mean (SD). * Denotes statistically significant differences compared with precalculated, targeted values (p < 0.05). (64) 74 (23) (16) 92 (22) (20) Note: Data are presented as mean (SD) (% diet composition).
Fig. 2.
Whole day urine output (A) and water balance (B; calculated as the urinary output deducted from the daily fluid intake) during day 1, day 4 and day 10 of the hypoxic bed rest (HBR), normoxic bed rest (NBR) and hypoxic ambulatory confinement (HAMB) campaigns. Data are presented as means (SEM). * Denotes statistically significant differences compared to HAMB (p < 0.05); ** Denotes statistically significant differences compared to day 1 (p < 0.05); *** Denotes statistically significant differences compared to day 4 (p < 0.01).
their study could be explained by the greater average daily energy intakes (≥2500 kcal) and longer bed rest duration. Significant weight loss following altitude exposures appears to be a consistent finding (Boyer and Blume 1984; Quintero et al. 2010) . Hypoxia has been shown to significantly affect appetite through modulation of appetite-regulating hormones (Lieverse et al. 1994; Tschop and Morrison 2001; Shukla et al. 2005) . However, we did not observe any significant additional effect of hypoxia per se on decreases in body mass during the HBR and HAMB campaigns as compared with the NBR campaign. This is especially interesting because a recent study, although in obese individuals, identified hypoxia as an independent stimulus for weight reduction (Lippl et al. 2010) . In addition, our data provide further support to the notion that the decrease in lean mass and not fat mass is accountable for the observed decreases in total body mass following hypoxic exposures (Westerterp et al. 1994; Westerterp-Plantenga et al. 1999) . Interestingly, the participants' energy intake was only significantly lower than targeted during the HAMB campaign and this could at least partly explain the weight loss, secondary to reduction in lean mass observed during the HAMB. However, other hypoxic exposure related factors might have also contributed to the observed body mass reduction such as increased resting energy expenditure as a result of hypoxic exposure (Reynolds et al. 1999) .
As noted earlier, investigations regarding the combined effects of microgravity and hypoxia are scarce. To date, only one longterm study has investigated the combined effects of hypoxia and inactivity-unloading on different physiological systems (Stevens et al. 1966 ). They observed a significant (1.5-2 kg) decrease in participants' body mass following 4 weeks of combined hypoxia Fig. 3 . Changes in total body mass (A), lean body mass (B), fat mass (C), and percentage fat mass (D) following the hypoxic bed rest (HBR), normoxic bed rest (NBR), and hypoxic ambulatory confinement (HAMB) campaigns. Data are presented as means (SEM). * Denotes statistically significant differences from PRE (P < 0.05). and bed rest, though the bed rest protocol was not as strict as in the present study. Although regional changes and energy intakes were not reported, the participants in the hypoxic condition were reportedly mildly anorectic and needed encouragement to complete their meals (Stevens et al. 1966) . Thus confirming that hypoxia may have affected their appetite. Conversely, Loeppky et al. (1993a) , who investigated the effects of HBR, found no significant changes in body mass after a 7-day protocol. There was a significant decrease in body mass on day 1 of bed rest, most probably due to fluid shifts, but the participants regained their body mass thereafter. The fact that the participants were allowed to eat the food ad libitum could explain the different outcomes although the average energy intakes were comparable (2000-2100 kcal·day −1 ) with the intakes of the participants during the HBR campaign in our study.
Energy intake and macronutrient diet composition
To date, nutritional studies conducted during bed rest protocols have regulated the energy intake to prevent changes in body mass and body composition. It is assumed that allowing ad libitum energy intake would cause an increase in body mass, primarily due to gains in fat mass outweighing the loss in lean mass as has already been shown (Gretebeck et al. 1995) . Therefore, abulatory and best rest studies employ PAL for dietary intake calculations that usually range between 1.4 and 1.6 for the ambulatory and between 1.1 and 1.3 for bed rest conditions (Smith et al. 2001; Lane and Feeback 2002; Zwart et al. 2009a) . The PAL factors used in the present study (1.4 and 1.2) are, hence, at the lower part of the spectrum. Indeed, other recent studies investigating the effects of microgravity and (or) weightlessness on body composition changes have employed higher activity factors; 1.6 and 1.3 for ambulatory and bed rest conditions, respectively (Inniss et al. 2009; Zwart et al. 2009a ). These studies also showed that body mass was, at least during the first 10 days of the studies, maintained when using higher targeted energy intake values under normoxic bed rest conditions. It is also worth noting that the PAL levels used in this study (1.4 and 1.2) are below the estimated threshold (approx. 1.8) that enables weight control in healthy males through physiological appetite modulation (Schoeller 1998) . It was suggested that no or very little reduction in energy intake is noted with transition from normal to reduced levels of physical activity (PAL ≤ 1.7), consequently leading to a positive energy balance (Melzer et al. 2005) . We can thus hypothesize that the previously reported hypoxia-induced appetite reduction (Tschop and Morrison 2001) might have been masked in our study by insufficient physical activity-energy demand. Collectively, the insufficient energy intakes could not account for the observed decreases in whole-body mass, as the fat mass did tend to increase in all campaigns. One of the factors that could have influenced the similar outcomes in all 3 campaigns might be the diet macronutrient composition.
The macronutrient diet composition differs substantially between studies investigating microgravity effects. However, the actual macronutrient diet composition in the present study (Table 2) was higher in carbohydrate (approx. 65%) and protein (approx. 20%) levels and correspondingly lower in fat (approx. 16%) intake as compared with the diet compositions used in other recent studies (approx. 55-30-15 for the percentage of carbohydrate, fat, and protein, respectively) investigating the effects of weightlessness and (or) simulated microgravity on nutritional status (Smith et al. 2001 (Smith et al. , 2005 Inniss et al. 2009; Zwart et al. 2009a) . It can be speculated that the low fat intake levels prevented significant accumulation of fat mass in our participants. Conversely, relatively high intake levels of protein, suggested to prevent the otherwise reported unloading related reductions in protein synthesis (Stuart et al. 1990) , did not prevent a significant decrease in lean body mass during any of the experimental campaigns. It has also been suggested that calorie reduction per se can enhance lean mass catabolism (Biolo et al. 2007 ) and subsequently reduces body mass. However, the observed reductions in body mass cannot be explained by the possible low energy intake levels, as fat mass was maintained in all 3 campaigns (Fig. 3) .
Water balance
Fluid balance alterations in response to simulated microgravityweightlessness have already been extensively studied and it seems that following the initial renal-endocrine adaptations, positive water balance is typically maintained (Leach and Rambaut 1975; Drummer et al. 2001) . However, only 1 study to date (Loeppky et al. 1993b ) investigated the combined effects of hypoxia and simulated microgravity on body-fluid alterations and reported significantly greater changes in fluid balance during short-term hypoxic bed rest when compared to normoxic bed rest. Although, similar to the present study, the participants' fluid intake did not change during the 7-day investigation, whereas the urinary output was significantly higher during the latter stage of the experiment in the HBR group only (Loeppky et al. 1993b) . Conversely, in our study, the urinary output was significantly decreased during the end of both hypoxic campaigns (HAMB and HBR) (Fig. 2) . Thus, exposure to normobaric hypoxia induced a significant decrease in urinary output regardless of the participants being bedridden or ambulatory.
It is well documented that during prolonged exposure to hypoxiaaltitude, the initial augmented diuresis is followed by reduced urinary output (Hildebrandt et al. 2000) . Such a time sequence may in part explain the drop in urine production towards the end of the present hypoxia exposures. However, urine production dropped also during the course of the NBR. Thus the drop in urine production between days 1 and 10 in the HBR and NBR conditions probably also reflected a transient initial increase in urinary flow induced by the redistribution of blood volume to the intrathoracic space upon the change in posture from upright to recumbent (Guell et al. 1982) . Regardless of the underlying mechanisms, the reduction of urinary flow during the course of each campaign resulted in a tendency (albeit not significant) for an inverse increase in water balance towards the end of each campaign (Fig. 2) . It cannot be excluded that these changes in hydration could have affected the POST DXA scan results, as hydration and regional fluid distribution have been shown to affect both fat and lean tissue energy attenuation on which the DXA method is based (Pietrobelli et al. 1996) . However, because the changes in water balance were comparable across all three campaigns (slight increase towards the end (Fig. 2) ), this factor could not significantly affect the reported relative body composition changes.
Methodological considerations
The potential effects of confinement per se also have to be noted as confinement has also been shown to significantly affect body weight and hormonal status (Custaud et al. 2004 ). Thus, this might have also played a role in the present study, contributing to the similar changes observed following all 3 conditions. In particular, the participants were confined for 10 days in a rather small confined area during all experimental campaigns. Although the majority of studies investigating the effects of confinement to date focused on the effects of long-term (>100 days) confinement on stress responses (Chouker et al. 2002) , it has also been demonstrated that even shorter confinements (i.e., 10 days) result in altered immune and psychological responses (Shimamiya et al. 2004) . However, as noted in Custaud et al. (2004) the duration of the confinement seems to largely determine the subsequent outcome and shorter confinement periods (i.e., 10 days) do not likely result in significant changes in body weight and composition.
We also need to mention the limitations of the present study. Obviously, the duration of the campaign (10 days) was relatively short and longer exposures (as anticipated during actual space habitation) might make it possible to elucidate potential additive effects of hypoxia that might have been masked in our study due to insufficient exposure time. Additionally, the feeding strategy used in the present study (i.e., prescribed intake levels) significantly contributed to the outcome and different results could be anticipated if the participants would have ad libitum access to food and multiple food choices. Finally, additional measures of appetite-regulating hormones, assessment of appetite-satiety sensations and resting energy expenditure measurements before, during, and after the campaigns would have provided valuable additional information.
Conclusion
We showed that significant decreases in whole-body mass, secondary to lean-mass loss, occur following a 10-day confinement in all of the tested conditions. Based on the results of this study, it does not seem reasonable to increase the energy intake levels during short-term bed rest above the ones used in this protocol (basal metabolic rate multiplied by PAL 1.2 or 1.4 for bed rest and ambulatory confinement, respectively), because positive energy balance was noted, even with hypoxia as an additional stressor. Alterations in macronutrient diet composition and other possible nutritional interventions seem warranted for future studies and missions incorporating combined unloading-inactivity and hypoxia.
